A new analytical method for the determination of halogenated and aromatic volatile organic compounds in groundwater, mineral water, and drinking water at concentrations ranging between 1-10000 ng/L is developed. A new type of headspace sampler that combines static headspace sampling with a trap is used, yielding very low detection limits and good repeatability without carryover effects. An unexpected transformation of 1,1,2,2-tetrachloroethane into trichloroethene is observed and explained.
Introduction
Over the last 10 years, analytical techniques for the determination of halogenated and aromatic volatiles have improved, leading to better limits of detection (LOD) and reproducibilities. The three main historical techniques are static headspace (1-7), dynamic headspace (purge and trap) (1, 3, 4, 8, 9) , and solid-phase microextraction (SPME) (10) .
Repeatability, detection limit, and elimination of water before the chromatographic run are the three principal variables. Static headspace has an excellent repeatability [coefficients of variation (CV) < 5%], with no interference by water, but sometimes the achieved LOD is not enough to comply with some environmental regulation. For example, it cannot be used to measure concentrations of benzene below 0.5-1 µg/L. SPME has a good LOD (below 0.5 µg/L), but a worse repeatability (CV > 10 %) when using an autosampler (10) . The purge and trap technique has a better LOD than static headspace, but the elimination of water may be difficult, and the system is prone to carry-over effects. This makes it is necessary to clean the system using reagent water between every sample. The device must be washed, purged with detergent solution, rinsed with distilled water, and dried for analyses of samples containing large amounts of water-soluble materials, suspended solids, high boiling point compounds, or high levels of volatile compounds. Moreover the trap and other parts of the system must be baked and purged (9) .
A new type of headspace sampler, the PerkinElmer Turbomatrix HS40 Trap, which combines headspace sampling with a trap (PerkinElmer, Wellesley, MA), was used in this study, as it had a good LOD (like purge and trap systems), a very good repeatability (similar to static headspace), and allowed the elimination of water before the chromatographic run. Carry-over effects were not observed in our range of concentration (1-10000 ng/L) so it was not necessary to extensively bake and purge the trap after every sample was analyzed.
The Turbomatrix HS 40 Trap instrument is an autosampler for up to 40 vials that can be used to determine volatile organic compounds present in several matrices.
It works with the pulsed-pressure approach, combining a slight modification of the balanced pressure principle with the use of an on-board cold and packed trap to extend its detection limits. The analysis is performed through the following steps:
Equilibration
The vial is warmed at a fixed temperature, defined by the sample characteristics, for a set constant time in order to reach equilibrium conditions.
Pressurization
The needle pierces the septum, and carrier gas (at a pre-set pressure) is allowed to enter the vial to set the internal pressure to a particular value. Simultaneously, a valve isolates the gas chromatography (GC) column, avoiding any column pressure change. This column isolation flow is manually set by the operator 10 mL/min higher than the column flow.
Trap load
During this step, the headspace of the vial is sent to the cold packed trap, allowing a flow of the headspace through the trap. This trap load step can be repeated up to four times for each vial (Figure 1 ).
Trap dry-purge
The cold packed trap is purged with carrier gas to eliminate water. Even if the adsorbent material is mostly hydrophobic and the vial equilibration temperature is kept low, a certain amount of water will remain in the trap. This would damage the capillary column and worsen the detection limits by increasing the baseline. Therefore, water vapor must be eliminated.
Trap desorb and trap hold
During these steps, the trap temperature is increased to the desired high value at a rate of 400°C/min to release the trapped analytes. It is then kept at that value for a specified time to clean it, avoiding any possible carry-over.
As soon as the trap is heated, the isolation of the column from the carrier gas flow is stopped and the GC run begins. The trap is desorbed in the backflush mode, and the analyst decides whether or not to activate the split line present at the end of the trap.
During these studies several instrumental parameters were optimized to reach LODs and performances required by the Italian law. Moreover, the instability of some halogenated volatiles, especially 1,1,2,2-tetrachloroethane, were observed and explained.
Experimental
The instrument used was the PerkinElmer Turbomatrix Headspace 40 Trap connected by an inert heated transfer line to a PerkinElmer Clarus 500 GC with a duel channel flame ionization detector (FID) and electron capture detector (ECD) or to a PerkinElmer Clarus 500 GC-MS.
The analyses performed in the first part of this study were done with a PerkinElmer Elite Volatiles column 60 m × 0.32-mm i.d.
(1.8-µm film thickness) that was connected to the headspace trap by an inert column (1.5 m × 0.32 mm) and to the FID and ECD by an inert universal Y splitter. Helium was the carrier gas. GC conditions were: Ar-CH 4 flow, 30 mL/min (as make-up gas for the ECD); air flow, 450 mL/min (for the FID); H 2 , 45 mL/min (for the FID); injector temperature, 150°C; ECD temperature, 370°C; FID temperature, 300°C; oven, 35°C for 12.00 min, then programmed at 5.0°C/min to 60°C, after 1 min, programmed at 17.0°C/min to 220°C for 0.0 min, and finally at 30°C/min to 240°C.
Optimal headspace parameters used were: vial temperature, 70°C; needle temperature, 100°C; transfer line temperature, 130°C; trap material, air toxics; trap load temperature, 40°C; trap desorption temperature, 320°C; thermostatation time, 20 min; cycles number, 3; pressurization time, 1.5 min; decay time, 1.5 min; desorption time, 0.3 min; trap hold, 0.6 min; dry purge time, 12 min; cycle time, 54 min; column pressure, 33 psi; vial pressure, 33 psi; desorption pressure, 50 psi; purge, on; shaker, on; outlet split, on or off according to the actual concentration range (low or high concentration, as specified below, in Table  I ).
The following reagents were used: ultrapure water produced by Millipore (Billerica, MA); Elix 3-MilliQ was boiled for at least 90 min, cooled, and preserved under a nitrogen atmosphere; Suprapure hydrochloric acid (30%) was supplied by Merck (Darmstadt, Germany).
Custom Standard CUS-6068 was from (Ultrascientific, Kingstown, RI). For its composi-. tion, see Table I . Standard solution A was freshly prepared by diluting 10 µL of custom standard in 1 mL of ultrapure water. Standard solution B was freshly prepared by diluting 100 µL of standard solution A in 1 mL of ultrapure water. Sodium sulfate anhydrous, volatiles free, was obtained by heating commercial prepared sodium sulfate (Baker, Deventer, Holland) at 400°C for 24 h. Two calibration curves were prepared by using standard solutions A and B, dissolved, respectively, in 0.5, 1.0, 2.0, 5.0, 7.0, and 10.0 µL of solution A (low concentration curve) and of solution B (high concentration curve) in 10 mL of ultrapure water. Then 30 µL of HCl and 100 mg of sodium sulfate under a nitrogen atmosphere was added.
All samples were processed by adding 30 µL of acid (sufficient to eliminate 700 mg/L of carbonate) and 100 mg of sodium sulfate to 10 mL of sample. The HCl addition must be superior if the carbonate concentration was greater than 700 mg/L to adjust pH to less than four. This precaution was indispensable to avoid any problem with 1,1,2,2-tetrachloroethane, as better specified during the following discussion.
The "high curve" was obtained by opening the outlet split, and the "low curve" was obtained by closing it.
The analysis performed in the second part of this study was done working with a PerkinElmer Clarus 500 GC-MS, using the following conditions: the chromatographic column was a PerkinElmer Elite Volatiles (60 m × 0.25-mm i.d., 1.4 µm) connected to the headspace trap by an inert column (1.5 m × 0.32 mm).
The carrier gas was He. The temperatures were: injector, 150°C; oven, 40°C for 12.00 min, then programmed at 5.0°C/min to 60°C, after 1 min programmed at 20.0°C/min to 220°C. The MS was operated in the single ion mode, acquiring for each analyte the ions specified in Table II . For each ion, a 0.05 s dwell time was used with a 0.001 s delay between them.
Headspace parameters used were the same as previously reported.
Discussion
The first problem that occurred during the optimization process of the analytical technique was obtaining blank water, which does not contain contaminants invalidating the analysis.
The normal ultrapure water produced by Millipore Elix 3-Milli Q may sometimes still contain organohalides, such as trichloromethane, trichloroethene, bromoform, etc., which are present in common Italian drinking water. Therefore, the water was boiled for 90 min to eliminate the majority of these organohalides.
This boiled water was preserved under a nitrogen atmosphere in order to prevent any further contamination of organohalides, such as chloroform or dichloromethane, which can usually be found in standard laboratories.
Before analysis, the vials were heated for 2 h at 180°C and then stored in a dessicator. Because of the lack of a clean room, it was not possible to analyze dichloromethane. A blank chromatogram is shown in Figure 2 .
Several tests were done to find the best possible pressure settings to reduce the amount of water vapor that otherwise may interfere with the normal functionality of the detectors. Different pressure levels were also tested to reduce the dry-purge time. However, the lower pressures can shorten the time, and the LOD values were worse. Figure 3 shows how high pressure increases the signal.
The best desorption temperature was 320°C. However, this was not a critical variable (Figure 4 ). Even though 250°C was enough to desorb all the analytes without any difficulty, it was still recommended to use higher temperatures in order to clean the trap from other possible interferences.
To increase sensitivity without excessively increasing analysis time, the trap load step can be repeated. Figure 5B shows the importance of this parameter and the three cycles that gave good results. The vial pressure was not a critical parameter. Figure 5A Journal of Chromatographic Science, Vol. 44, November/December 2006 628 Figure 5 . Dependence of peak area of tetrachloroethene from vial pressurization (A) and dependence of peak area of tetrachloroethene from cycle number (B). does not show any signal increase above 30 psi.
Finally, a serious problem with 1,1,2,2-tetrachloroethane was observed. The determination of 1,1,2,2-tetrachloroethane was often impossible because it partially or totally disappeared during the chromatographic run. Meanwhile, an increase in trichloroethene's signal is observed. All official methods (1, 2, 4, 8) describe procedures that can be applied to 1,1,2,2-tetrachloroethane, without reporting data concerning the validation for this analyte.
Only Environmental Protection Agency (EPA) 5030C (8) describes a generic interference during purge and trap analysis, if the system is contaminated.
This phenomenon was first observed (as shown in Figure 6 ) when working with HSTrap, and the use of a lower desorption temperature did not solve the matter. The same happened with classical headspace analysis (without trap), as shown in Figure 7 and with "syringe-type" headspace.
Though it is well known, 1,1,2,2-tetrachloroethane is not a stable compound, and it decomposes to trichloroethene at high temperatures (11). 1,1,2,2-Tetrachloroethane, in a water solution, was stable at room temperature for one month, at acid/neutral pH, but it decomposed to trichloroethene by E2 elimination at basic pH.
The study demonstrated that the previously mentioned phenomenon may appear during thermostating at 70°C using neutral water. Therefore, it was necessary to acidify all solutions to pH < 4 because under these conditions the relative height of the two peaks remained constant (as shown in Figure 8 ). The data clearly demonstrated that the observed reaction took place during thermostatation of the vials in the water phase and was not because of active sites present in the trap, as stated in EPA method 5030C (8) . It was also noted that 1,1,2,2-tetrachloroethane completely disappeared and degraded into trichloroethene by adding Na 2 CO 3 to the solution [as suggested by the ISS 00/14 method (1)] in order to eliminate CO 2 from sparkling water (Figure 9 ).
The conditions of acidification eliminate any problem with a carbonate concentration below 700 mg/L. A variation of the pH did not cause problems of repeatability or anomalous increasing of other signals. It was also possible to determine repeatability, linearity, LOD, roughness, and accuracy using a natural mineral water with a concentration of approximately 180 mg/L or carbonate. Table III lists LODs (International Union of Pure and Applied Chemistry definition), repeatability, correlation coefficients of the calibration curves, and recovery using samples of the same mineral with 7.0 µL of solutions A and B, respectively.
Linearity was calculated with the analysis of the residues, and no particular deviation was observed.
Robustness was estimated at the confidence level of 99%; thus, it was very interesting to observe that changing the following parameters: operator, desorption pressure, dry purge time, trap, vial pressure, desorption temperature of the trap, and desorption time did not influence the method. Even by changing the trap (one with about 500 injection and one with 30 injection), no significant change was noted, as shown in Figure 10 .
Conclusion
A new method was developed for the determination of halogenated and aromatic volatiles. The method was very precise and accurate.
All parameters were established according to the Italian laws on drinking, mineral water, and groundwater, except for the LOD of 1,2,3-trichloropropane, which had a limit of 1 ng/L, but only 8 ng/L was reached. One nanogram per liter could not be reached because of elevated noise at the retention time of 1,2,3-trichloropropane, which was caused by high column bleeding.
The effect of pH on the analysis, which is usually underestimated in the standard methods [EPA 5030B (7) or UNI EN ISO 10301 (2)], was observed and described.
It was demonstrated that the transformation of 1,1,2,2-tetrachloroethane into trichloroethene must be inhibited using an acidic pH by adding hydrochloric acid to every sample. Other recent studies have noted that a high pH (> 11 to 12) also influenced other halogenated volatiles.
The determination of very volatiles halogenated substances (e.g., vinyl chloride and chloromethane) involving different instrumental parameters is in progress.
